We earlier suggested that type A human influenza virus genes undergo positive Darwinian selection through immune surveillance. This requires more favorable amino acid replacements fixed in antigenic sites among the surviving lineages than among the extinct lineages. We now show that viral hemagglutinins fix proportionately more amino acid replacements in antigenic sites in the trunk of the evolutionary tree (survivors) than in the branches (nonsurvivors), demonstrating that type A human influenza virus is undergoing positive Darwinian evolution. The hemagglutinin gene is evolving 3 times faster than the nonstructural gene and the average age of the sampled nonsurvivors is only 1.6 years, so that extinction is not only common but rapid.
Background
In a study of nonstructural (NS) genes of human influenza A viruses, Buonagurio et al. (1) noted that the structure of the evolutionary tree was cactus-like and thus unlike that of other trees (see Fig. 1 Left) in that only one lineage (the trunk) extended to the top of the tree. All the other lineages (the branches) were short.
We suggested that the short branches represent lineages that died out and that they did so because they were unable to compete with the lineage represented by the trunk of the tree (1) . The average age of these side branches since they diverged from the trunk was only 4.2 years (3.0 years in this paper), which means that these lineages are not surviving long. The question that arises is why they are dying out.
We were mindful of the work of Atwood et al. (2) , who saw the periodic disappearance of accumulating auxotrophic mutants from Escherichia coli cultures. They postulated that occasionally arising mutants of superior fitness swept through the population replacing the other cells including the accumulated auxotrophs. He termed this phenomenon periodic selection. The same process can be envisioned as occurring in the influenza system with the short branches representing lineages wiped out by the periodically occurring, favorable mutants represented by the trunk.
The question that then arose was what selective forces are available to accomplish this in the viral system. Our answer was that immune surveillance was the most obvious candidate, although there were no data that indicated that the immune system ever reacted by making neutralizing antibodies to the NS gene products.
We answered the question of how to obtain positive selection through immune surveillance, given that the body does not make neutralizing antibodies to the NS gene products, by postulating genetic linkage of the NS gene to another gene whose product is subject to immune response, with hemagglutinin (HA) and neuraminidase being the principal candidates.
Of course the NS gene of the influenza virus is not physically linked to either HA or neuraminidase, the genome being segmented, but the virus is effectively haploid and hence the genes are necessarily linked until such time as an individual is simultaneously infected by two different strains.
Coinfection that produces such reassortment seems not to have occurred very often. (1) . It has cocirculated with the strains shown in Fig. 1 since then. The tree structure representing these strains and their rate of evolution is like that of NS genes shown in Fig. 1 and hence is not shown.]
Earlier workers had already noted that there were many changes in antigenic sites of H3 HAl sequences over time and had suggested that these changes were responsible for the loss of effectiveness of vaccines raised to earlier strains (3-6). There are two possible hypotheses for the increased rate of amino acid replacements that occur. One hypothesis is simply that the mutation rate is higher, hence the frequency of neutral changes is higher and, consequently, the fixation rate of changes is also higher. The second hypothesis is that, apart from any increased mutation rate, there is a positive evolutionary advantage to some of those changes that alter the amino acids in the antigenic sites so that there is specific selection for them. This positive Darwinian evolution hypothesis is a stronger statement in that it asserts that many of the changes are selected for and fixed in the viral population because it permits the virus to escape immune surveillance, if only temporarily. This differs from the first hypothesis, in which the loss of the immune response is the simple consequence of random genetic drift, a view espoused by Saitou and Nei (7) , by Sugita et al. (8) , and by Gojobori et al. (9) .
There has been a long history of claims of positive Darwinian evolution at the molecular level, most of which have been viewed skeptically by the neutralists because of a lack of statistical support or a lack of confidence in the fossil record for dating. Recently, Hughes and Nei (10, 11) presented strong statistical evidence that the antigen recognition site of the major histocompatibility complex classes I (10) and 11 (11) tTo whom reprint requests should be addressed.
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faster than the neutral rate without a selective push, the conclusion follows.
A second weaker claim of positive Darwinian evolution is that of Laskowski et al. (12) , who find that avian ovomucoids are not behaving in the manner expected of proteins in which the vast majority of nucleotide substitutions causing amino acid replacements are neutral. In particular, the amino acids in the active site are evolving significantly faster than in any other region of the molecule.
Stewart et al. (13) The argument for the second test is slightly more complicated. Let P be the probability that a favorably mutated HA gene is accompanied by a mutated NS gene. Hence, other things being equal (and they need not be), the rate of change of unselected NS genes should be lower than that of the selected gene even if it is not as low as P. However, ifpositive selection were occurring most of the time, then, accepting this simplified model, the ratio of their rates of change becomes a rough upper bound of the fraction, P, of the NS gene copies containing an error. Fulfillment of tests i and ii are necessary conditions but, even if true, do not prove the hypothesis.
The argument for the third test is simply that the selectively important amino acid replacements on the trunk should be in addition to those changes that are the result of random genetic drift. This could be a relatively minor addition since we cannot see differences in rates between the trunk and the side branches (see below). But if our hypothesis is correct, those additional favored substitutions should be specifically located in positions encoding amino acids in antigenic sites of the selected molecule and, although the side branches should contain some changes that were selected for, there might be evidence that the proportion of amino acid replacements in antigenic sites is significantly greater along the trunk than in the side branches.
To perform these tests we analyzed 20 HAl sequences of the H3 subtype.
Results
The most parsimonious tree for the HA1 hemagglutinin genes is shown in Fig. 1 years for the NS gene), the basic structure of the two trees is the same in their possessing a single trunk and many shortlived branches. Indeed, the HA gene tree is the more extreme as the average age of the isolates, measured in years since they diverged from the trunk lineage, is only 1.6 years compared to 3.0 years for the NS gene. This suggests that selection is more intense on the HAl gene than on the NS gene. This is the first test of the hypothesis and the result is consistent with the hypothesis. A similar tree (one long trunk, many short side branches) was recently obtained by Kawaoka et method (a Poisson correction of pairwise differences) that gave rates for silent and nonsilent sites separately. To obtain overall rates from their data, we assumed that a quarter of the sites were silent. Saitou and Nei (7) obtained values for these rates of 6.8 and 2.6 (x 10-3), respectively.
The amino acid replacements that occurred according to the most parsimonious tree have been tabulated in Table 1 according to whether they occurred on the trunk or on a branch and whether that site is believed to be antigenic or not (refs. 22-25 ; D. C. Wiley, personal communication). Ignoring those sites that could not be assigned, the information in Table 1 can be expressed in the two-by-two contingency table shown in Table 2 . This leads to ax2 value of 9.7 with 1 degree of freedom (P < 0.002). However, test iii specifically requires that the observed number of amino acid replacements in antigenic sites of the trunk exceed those expected and that the observed amino acid replacements in nonantigenic sites in the branches exceed those expected. This means we may use a one-tailed test. The appropriate probability of getting the observed data, if the lineage represented by the trunk were not accumulating amino acid replacements in antigenic sites in greater proportion than the branches, is <0.001. This is the third test of the hypothesis and the result not only favors the hypothesis but is statistically significant.
The test of whether the branches evolve slower or faster than the trunk was made as follows. Suppose the rate of change on branches is significantly slower than the rate on the trunk. If so, the longer the branch, the greater the tendency of the sequence at the tip of that branch to fall below the line plotted in Fig. 1 . Thus, an examination of the distance that a branch tip falls above or below that line versus the length of the branch should reveal the slower (or faster) evolutionary rate of change. No difference in rates was detected. This is not surprising. It is reasonable to believe that the difference between trunk and branch may well be a matter of which of two competing lineages failed to get the last favorable mutation(s).
Discussion and Conclusion
Positive Selection. We had suggested that the strangelooking cactus-like tree for the NS gene of A-type human influenza virus was the result of two processes (1) . One was the occurrence of selectively favored mutations that were fixed in the trunk lineage. The other was that these favored mutations were so much favored that they totally replaced all Evolution: Fitch et al. (7) is misleading to the extent that it seems to imply that the human HAl gene is evolving by neutral changes. We do agree completely that a high rate need not necessarily be a consequence of positive selection. Our test, in principle, could give a similarly significant result in the presence of much slower rates. But it is fair to point out that, given the rapidity with which the immune system responds to the presence of foreign proteins, a high mutation rate is a necessity for any virus hoping to outrace the immune system, even if the high rate had to exist as a preadaptation before the virus could adopt this method ofevolution. Nevertheless, given that there is a high mutation rate and there is positive selection, it seems injudicious and premature to conclude that the high rate is not the result of selective pressure.
The Gojobori et al. comments (9) are simply incorrect. One cannot explain these observations by the neutral theory because the neutral theory demands the x2 value in our test to be near 1. We are at a loss to understand how their analysis is a "critical" test of the theory. There is no inherent contradiction between the beliefs (i) that all nucleotide substitutions that cause amino acid replacements are rare relative to silent substitutions and (ii) that positive selection plays a major role in the fixation of some amino acid changes. Thus, Obs, observed number of replacements; Exp, expected number. Xi = 9.7; P < 0.001 (one-tailed test). explainable in terms of the neutral theory, especially when such papers seem to be suggesting that positive selection is not operating. Consistency of data with the neutral theory may be necessary for the theory to apply but it is not sufficient to rule out alternatives and it is perhaps more biologically interesting now to turn our attention to finding out how to discover when positive selection is operating.
The One-Trunk Tree. Is the shape of the tree only a consequence of time and rates and does that shape have nothing to do with the process of positive selection? For example, if the human influenza genes are evolving at a rate 106 times that of eukaryotic nuclear genes, then sampling the NS gene over 50 years is equivalent to sampling nuclear genes over 50 million years. Wouldn't that give a tree such as we show in Fig. 1 ? Topologically, yes, but with an important difference. The organisms of 50 million years ago, even on a direct lineal descent, would be recognizably different andprobably not be able to give rise to viable progeny if mated to a present-day organism. The influenza viruses, even after so much change, seem nevertheless more like an interbreeding population than a collection of species as divergent as manatees and elephants; pigs and cows; or cats, dogs, and walruses. Thus, while the cactus-like topology is not in itself a proof of positive selection, it may serve as a signal that alerts one to the possibility.
A High-Risk Strategy. Influenza A is unusual among viruses in that it is trying to outrun its pursuers through new mutations as its primary strategy rather than accommodating itself to its host by attenuation or hiding. This strategy entails considerable risks. Without an ability to ask for the desired changes, most mutations will be in the wrong genes, those in the correct gene are likely to be in the wrong position, and even those in a suitable position may be deleterious (e.g., producing a termination codon). One must wonder why such a virus does not accumulate so many deleterious mutants as to die of its own ineptitude. This is Muller's ratchet (14) . Moreover, given that more than one antigenic site on the target protein may need to be changed in order to escape immune surveillance (and besides hemagglutinin, there is also surveillance of neuraminidase), one might expect that multiple contemporaneous amino acid replacements would be more beneficial. This is perhaps why the substitution rate (6.7 X 0-3 nucleotide substitutions per site per year) is so high, to ensure that multiple replacements will occur in some viruses (contrary to the neutral case, the substitution rate here is not the mutation rate because positive selection is involved). It is also necessary to have large numbers of progeny viruses to ensure that either there are some progeny that have no deleterious mutations or there are some that have one or more beneficial mutations. That would seem possible if the number of affected host individuals times the number of infected cells per infected individual times the average burst size per infected cell is sufficiently large.
Finally, there is the important observation that what is happening in the influenza A virus in humans, although similar in horses (19) , is quite different from what is happening in influenza A in birds (15) . The phylogeny of a mixture Evolution: Fitch et al.
of human and avian influenza nucleoproteins gives a tree in which the distance from the root, plotted against the year of isolation, is like that shown in Fig. 1 , for the human isolates, but is not like that for the avian isolates (15) . Moreover, six ofthe avian nucleoprotein sequences (plus one mink) isolated between 1949 and 1985 (35 years), appear to have descended nearly independently from an ancestral gene that existed before 1949 and that encoded an amino acid sequence identical to that of the Bavarian duck virus isolated in 1977, 28 years later. The other nucleoproteins showed only a small number of amino acid replacements from the ancestral sequence and only two replacements are common to more than one isolate. Thus, the treadmill running to escape immune surveillance appears to be restricted according to the hostthat is, it occurs in humans but not in birds. Given all these results, it would be interesting to know whether the RNA polymerases of influenza A viruses had different error rates and whether the burst size differed in the mammalian and avian groups. It would also be interesting to know whether this difference is related to the ecology of the viruses-that is, a respiratory vs. an intestinal habitat for the mammalian and avian influenza viruses, respectively. And, finally, it would be interesting to know whether perhaps the long-term consequences of trying to outrun the immune surveillance system might not be to impair, in the long run, the virus's ability to survive in mammals and that flu continues to plague humans only because of "gene therapy" in which the human virus replaces deteriorated genes from the avian reservoir of genes where genes recombine and change at a much slower rate, thereby escaping Muller's ratchet.
Note Added in Proof. It has been brought to our attention that Ratner et al. (28) have reported that the rate of nonsynonymous substitutions in antigenic determining sites of H3 hemagglutinin is twice the rate of synonymous substitutions.
